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Abstract

Extreme or unaccustomed eccentric exercise can cause exercise-induced muscle damage,
characterized by structural changes involving sarcomere, cytoskeletal, and membrane
damage, with an increased permeability of sarcolemma for proteins. From a functional point
of view, disrupted force transmission, altered calcium homeostasis, disruption of excitation-
contraction coupling, as well as metabolic changes bring about loss of strength. Importantly,
the trauma also invokes an inflammatory response and clinically presents itself by swelling,
decreased range of motion, increased passive tension, soreness, and a transient decrease in
insulin sensitivity. While being damaging and influencing heavily the ability to perform
repeated bouts of exercise, changes produced by exercise-induced muscle damage seem to
play a crucial role in myofibrillar adaptation. Additionally, eccentric exercise yields greater
hypertrophy than isometric or concentric contractions and requires less in terms of metabolic
energy and cardiovascular stress, making it especially suitable for the elderly and people with
chronic diseases. This review focuses on our current knowledge of the mechanisms underlying
exercise-induced muscle damage, their dependence on genetic background, as well as their
consequences at the structural, functional, metabolic, and clinical level. A comprehensive
understanding of these is a prerequisite for proper inclusion of eccentric training in health
promotion, rehabilitation, and performance enhancement.
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1. Introduction

In isometric exercise, the contracting muscle retains its length while producing force, in
concentric exercise it shortens, and in eccentric or stretching exercise, it lengthens (Faulkner
2003). Isometric contractions serve to keep posture and hold loads, concentric contractions
initiate movements, while eccentric contractions typically stop or decelerate them (Hoppeler
2016). If a person is unaccustomed to a specific exercise or if it is of greater than normal
intensity or duration, all forms of exercise can cause damage and pain. However, exercise-
induced muscle damage (EIMD) is most often caused by high intensity eccentric exercise
(Proske and Morgan 2001). This is most probably because fewer motor units are recruited
during eccentric exercise compared with other modes of contraction, resulting in a greater
force per active motor unit and thus greater mechanical stress (Douglas et al. 2017a; Tee et
al. 2007). In addition to mechanical stress, metabolic stress could also have a role in EIMD
associated with eccentric exercise and is probably mostly responsible for cases of EIMD that
occur with lower intensity endurance exercises where eccentric contraction is not the only or
predominant mode of contraction, such as cycling and running (Tee et al. 2007). EIMD is
characterized by several structural and functional changes at various organizational levels,
which are the main topic of this review. At the cellular level, EIMD encompasses damage of
myofibrils and Z-line streaming, membrane damage of T-tubules and sarcoplasmic reticulum,
disrupted cytoskeletal organization, as well as changes in the action of glucose transport
proteins, accompanied by changes in substrate levels. At the level of the whole organism, an
increase in specific muscle proteins can be detected in plasma, whereas clinical examination
reveals muscle soreness, swelling, decreased muscle strength and range of motion (Clarkson
and Sayers 1999), as well as altered proprioception (Walsh et al. 2004). In preparation for this
paper, we performed Pubmed and Embase searches for review articles using the following
combination of keywords and operators “(exercise induced OR eccentric exercise) AND
physiology AND muscle AND damage AND review”. We analyzed in detail all articles dealing
with key aforementioned etiopathogenetic events in exercise-induced muscle damage and
their main consequences, ranging from the molecular to the systemic level, and included them
in the bibliography. We also included further relevant review and research articles from within
citation lists. Major, mechanistic, pioneering, and most recent articles were given most
weight.

2. Etiology and pathogenesis of EIMD
2.1 Sarcomere overstretch

According to our current knowledge, the first step in the development of EIMD is stretching
forcibly the myofibrils (sarcomeres in series) while they are contracting and thus disrupting
their structure and organization, as first demonstrated by Friden and coworkers studying



human muscle biopsies 40 years ago (Fridén et al. 1981; Proske and Allen 2005; Proske and
Morgan 2001). More specifically, due to differences in length-tension relationships between
individual sarcomeres, the weakest sarcomeres in a myofibril experience the largest
proportion of length change. The reason for this might be that their actin-myosin overlap is
further away from its optimum or their cross-sectional area is somewhat smaller at that
moment than in other sarcomeres. If the length of the sarcomeres is already on the
descending limb of their length-tension curves, as the myofilament overlap decreases further
with progressive stretch, these sarcomeres become progressively weaker. They lengthen
rapidly to a point with no myofilament overlap and therefore no active tension production.
On the other hand, the tension in passive parallel elements in such “popped” sarcomeres
increases and balances the active tension of adjacent sarcomeres, therefore halting further
lengthening (Proske and Morgan 2001). Upon stretching out the muscle fiber, the next-
weakest sarcomere overstretches and this process continues iteratively (Morgan 1990). When
the muscle relaxes, myofilaments in the majority of overstretched sarcomeres re-
interdigitate, but some fail to do so (Talbot and Morgan 1996). Regions with long sarcomere
lengths before an active stretch contain the majority of disrupted sarcomeres after the stretch
and the disrupted sarcomeres are longer than the rest. The number of disrupted sarcomeres
presumably grows with repeated eccentric contractions (Proske and Morgan 2001). Since
myofibrils are anchored to the membrane via the dystrophin complex (Gao and McNally
2015), overstretching the sarcomeres can also disrupt the anchoring structures, up to a point
of membrane damage (Owens et al. 2019). This increases plasma membrane permeability and
disrupts excitation-contraction coupling (ECC) (Macpherson et al. 1996). A concise illustration
of the crucial events and their proposed temporal sequence in EIMD is given in Figure 1.

2.2 Calcium homeostasis and impaired excitation-contraction coupling

Membrane damage starts with a disruption of the T-tubule system, which negatively affects
ECC. However, the fall in tension at this point is still reversible with caffeine that directly opens
sarcoplasmic reticulum Ca?* channels, thereby bypassing the ECC pathway (Warren et al.
1993). Later, sarcoplasmic reticulum membrane is affected as well because it is linked to the
T-tubule system by junctophilins. Mouse studies indicate that these play a pivotal role in the
interaction between the dihydropyridine receptors on the T-tubule membrane and the
ryanodine Ca?* release channels on the sarcoplasmic reticulum (see Figure 1) (Corona et al.
2010). Plasma and sarcoplasmic reticulum membrane damage result in uncontrolled Ca?*
entry into the sarcoplasm, triggering a local injury contracture and raising muscle passive
tension, in addition to a fall in active tension (Allen et al. 2005). Interestingly, the ability of
artificially increased intracellular Ca?* concentration to cause muscle damage was first
demonstrated experimentally by Duncan already in 1978 (Duncan 1978). In the early 90s,
Duan and coworkers then showed that [Ca?*]; actually rises in skeletal muscle of laboratory
rats after prolonged downhill walking (Duan et al. 1990). Elevated [Ca®*]i subsequently
activates the phospholipase-prostaglandin pathway and the calpain proteolytic pathway



(Clarkson and Sayers 1999; Huang and Zhu 2016). The activated phospholipase A2 promotes
further muscle cell damage via cell membrane breakdown, resulting in leakage and loss of
intracellular components (McKune et al. 2012). Calpain 3, a relatively muscle-specific Ca®*-
activated protease located at the Z regions of skeletal muscle putatively plays a crucial role in
the enzymatic degradation (Branca et al. 1999; Goll et al. 2003). Calpain cleaves Z-disc
associated cytoskeletal proteins, e.g., desmin, vimentin, and a-actinin, whereas actin and
myosin are not recognized by calpain as substrates and are therefore largely spared. This is
believed to explain why damage can be found predominantly at the Z-disc regions (Clarkson
and Sayers 1999; Huang and Zhu 2016; McKune et al. 2012). We discuss the possible routes of
Ca®* entry into the sarcoplasm and the possible pathways through which it reduces force
production, increases protein breakdown and plasma membrane permeability into more
detail in Chapter 3.

2.3 Extracellular matrix and membrane channels

The third factor contributing to the mechanical muscle damage is the disruption of muscle
connective tissue (i.e., extracellular matrix, ECM), which is a network of primarily collagens
linked to membrane-spanning integrin, dystroglycan, and proteoglycan complexes (Fatouros
and Jamurtas 2016; Gibala et al. 1995; Stauber et al. 1990). These complexes link the ECM to
the cytoskeleton thereby enabling the transmission of force from the exterior into the interior
of the muscle cells and vice versa (Heinemeier et al. 2013; Kjaer 2004). On the other hand,
mechanical disturbance of ECM following eccentric muscle damage may play a role in
activating intracellular cascades of biochemical reactions not only in muscle cells themselves
but also in various other types of cells within the muscle tissue, e.g., vascular, inflammatory,
stromal, and satellite cells. This may lead to transcription and excretion of different growth
factors and other molecules involved in regeneration and adaptation (Fatouros and Jamurtas
2016; Hyldahl and Hubal 2014). Finally, vigorously stretching myofibrils, which results in
membrane damage, also affects the channels located on the sarcolemma, particularly the
stretch-activated channels. Following eccentric exercise, a persistent increase in intracellular
Na* and Ca?* has been demonstrated (Allen 2004; Allen et al. 2010), as well as an increase in
membrane permeability for different muscular proteins that can subsequently be measured
in plasma and used as biomarkers for EIMD, with creatine kinase and myoglobin being the
most prominent ones (Sorichter et al. 1999). More details regarding changes in membrane
permeability and ionic composition are provided later.

2.4 Inflammation

It was shown in both humans and laboratory animals that a strong inflammatory response
follows eccentric exercise and importantly contributes to EIMD (Chazaud 2016; Fatouros and
Jamurtas 2016; Hayashi et al. 1997). The inflammatory response can be detected immediately
after exercise with leukocytosis, accounted for mainly by a transient increase in neutrophil



counts which is most strongly pronounced within the first 24 hours (Close et al. 2004). A
transfer of fluid and plasma proteins into the damaged muscle tissue follows this neutrophil
increase, as well as mobilization of other inflammatory cells, e.g., natural killer cells and
lymphocytes. More specifically, neutrophils of the Ly6C/F4/80 type are the first to invade the
muscle tissue as early as within 2 hours after an exercise bout, possibly being attracted by
cleavage products of calpain-mediated protein breakdown (Tidball and Villalta 2010). They
partly contribute to muscle injury but also start clearing necrotic debris through phagocytosis,
working in conjunction with resident macrophages. Neutrophils can remain present in supra-
physiological numbers for as long as 5 days (Belcastro et al. 1998; Maclintyre et al. 1995;
McKune et al. 2012; Peake et al. 2005a; Tidball 2005). However, tissue macrophages replace
them in most cases within the first day, becoming the predominant leukocyte cell type in the
injured muscle and remaining there for up to 2 weeks (Peake et al. 2005a, 2017a). Local
production of pro-inflammatory cytokines (e.g., interleukin(IL)-1B and tumor necrosis factor
(TNF)-a) by muscle cells themselves begins and persists for up to 5-days post exercise (Peake
et al. 2005a, 2015). This drives the differentiation of early macrophages to an M1 phenotype
(also called CD68+, macrosialin or ED1+), which peaks in concentration at about 2 days post-
exercise (Tidball and Villalta 2010). Similarly to neutrophils, M1 macrophages are capable of
producing proteolytic enzymes as well as reactive oxygen and nitrogen species (ROS and RNS,
respectively) during a process called the respiratory burst (Tidball 2005; Tidball and Villalta
2010). Similarly to neutrophils, they partly aggravate the existing mechanical damage but are
predominantly involved in the removal of cellular debris (Powers et al. 2011). Importantly, the
increase in reactive oxygen species (ROS) probably contributes to a decrease in insulin-
induced glucose uptake in muscle cells due to decreased GLUT4 translocation to sarcolemma
(Aoi et al. 2012). We will discuss this aspect in more detail later.

The inflammatory processes mediated by neutrophils play a role in degradation of damaged
muscle tissue by producing reactive oxygen species (ROS) and attracting macrophages
(McGinley et al. 2009). Reactive oxygen species are generally toxic to cells but as shown in
mice, may function as a secondary messenger in the regulation of gene expression resulting
in ROS-mediated adaptation to exercise (Crane et al. 2013; Schoenfeld 2012). In addition to
ROS, cytokines with pro- or anti-inflammatory roles are expressed by inflammatory and
muscle cells. One of the most important cytokines is TNF-a that can activate the ubiquitin—
proteasome pathway for protein degradation by increasing gene expression of E3 ligases,
muscle ring finger 1 (MuRF1) and muscle atrophy F-box (MAFbx or Atroginl), thereby taking
part in muscle remodeling after damaging exercise (Murton et al. 2008; Patel et al. 2014).
After approximately 2 days, M1 macrophages are gradually replaced by different subsets of
M2 (ED2+) macrophages under the influence of Th2 cytokines (e.g., IL-4, IL-10, and IL-13). This
switch is believed to play a pivotal role in repair and remodeling via activation of satellite cells
(McKune et al. 2012; Tidball and Villalta 2010). Apart from immune cells, vascular pericytes
take part in EIMD by activating signaling cascades via the nuclear factor-kappa B (NF-kB), thus
stimulating proliferation of satellite cells and mobilization of immune cells (Hyldahl et al. 2011,
2013; Michailidis et al. 2013; Wright et al. 2015). In both humans and rats there is also



evidence that the inflammatory response is accompanied by increased muscle blood flow and
microvascular dysfunction (Kano et al. 2005; Laaksonen et al. 2006).

Moreover, muscle cells themselves play an active role in attenuating the inflammatory
processes. During exercise muscle cells produce anti-inflammatory myokines, among which
IL-6 was identified first and is the the most studied (Hennigar et al. 2017; Pedersen et al. 2007,
Pedersen and Febbraio 2008). Plasma IL-6 concentration increasses exponentially during
strenuous exercise. When macrophages produce IL-6, it results in inflammatory processes,
whereas when muscle cells release it, the classical pro-inflammatory pathway is not activated
and its effects are rather anti-inflammatory (Hennigar et al. 2017; Pedersen 2011a, 2011b;
Pedersen et al. 2007; Pedersen and Febbraio 2008). During exercise, the circulating levels of
other anti-inflammatory cytokines, such as IL-1 receptor antagonist, IL-4, and IL-10, also
increase, mediating a systemic anti-inflammatory response to EIMD (Malm 2001; Malm et al.
2000; Peake et al. 2005a). Although some myokines can promote leukocyte infiltration,
muscle-derived NO strongly inhibits leukocyte invasion and protects the muscle from further
lysis by inflammatory cells (Tidball 2005). Following exercise which lasts for up to 1 h, exercise
intensity appears to be the most important determinant of the extent of anti-inflammatory
cytokine production (Peake et al. 2005b). Finally, it should be pointed out that inflammation
seems to play a crucial role in EIMD especially after eccentric contraction, whereas in cases of
EIMD associated with prolonged and intensive endurance training, inflammation may be much
less pronounced (Tee et al. 2007; Warhol et al. 1985).

2.5 Metabolic factors

Although the mechanical stress model with myofibrillar overstretch as the initial event in the
pathogenesis of EIMD is the most popular and accepted, evidence exists that metabolic factors
may play an initial role in cases of EIMD following endurance exercises where eccentric
contraction is less important. The metabolic stress hypothesis predicts that focal depletion of
glycogen stores leads to a lack of ATP and a decreased function of the sarcoplasmic reticulum
or sarcolemmal ATPases. This is believed to cause an elevation in cytoplasmic Ca?* and
activation of calcium-dependent proteolytic and phospholipolytic pathways, resulting in
degradation of cytosolic proteins and membranes, converging with the mechanical stress
pathway (Armstrong 1986; Armstrong et al. 1991; Tee et al. 2007). Moreover, temperature
and metabolically produced ROS may play a role as initiating factors (Morton et al. 2009).
Finally, at the structural level, metabolic stress was shown to be accompanied by focal
mitochondrial damage in the form of matrix loss and dissolution of cristae (Warhol et al. 1985).

2.6 Genetic variability

Many genes for key muscle proteins and cytokines show polymorphisms that alter gene
expression and subsequent protein production. This influences both the extent of injury and
the ability to recover from EIMD (Baumert et al. 2016; Clarkson et al. 2005). For instance,



individuals with specific single nucleotide polymorphisms (SNPs) in the gene for collagen |
(COL1A1, rs1800012, rs2249492) are generally weaker, experience greater muscle soreness
and slower post-EIMD recovery compared to homozygote counterparts, possibly because of a
disrupted collagen network (Baumert et al. 2018b). Furthermore, subjects homozygous for
rare alleles of the myosin light chain kinase (MLCK 49T or MLCK 3788A), experience a greater
increase in plasma creatine kinase (CK) and myoglobin (Mb) following eccentric exercise,
posing a risk of kidney failure due to exertional rhabdomyolysis (Clarkson et al. 2005). A SNP
in the ACTN3 gene coding for a-actinin-3, which anchors actin filaments to Z-lines (Mills 2001),
is associated with smaller muscle volumes as well as lower muscle strength and power in
individuals with a-actinin-3 deficiency (ACTN3 R577X, rs1800795, XX genotype) (Baumert et
al. 2016; Erskine et al. 2014). On the other hand, their Z-lines are more elastic and
consequently less prone to stretch—shortening cycle movements, and they also have lower
baseline CK compared to heterozygotes (Broos et al. 2012; Clarkson et al. 2005; Venckunas et
al. 2012). There are also genetic variations in the gene for MuRF-1 (TRIM63 gene), which may
affect mechanical properties of titin. The TRIM63 AA homozygous individuals
(A>G, rs2275950) are consistently stronger, report less muscle soreness and have greater titin
stiffness compared to the GG homozygotes, leading to intrinsically stronger as well as more
EIMD-resistant muscle fibers (Baumert et al. 2018a).

Benefits to athletic performance have been suggested for individuals carrying the IL1IRN allele-
2 for interleukin-1 who display only a moderate IL-1-dependent inflammation supporting a
faster recovery or remodeling (Cauci et al. 2010). Furthermore, genetic modification or
blocking of the angiotensin-Il receptor type 1, which is involved in post-exercise inflammation,
was shown to improve regeneration (Bedair et al. 2008) and decrease ROS production (Sim et
al. 2013). On the other hand, angiotensin-Il indirectly mediates skeletal muscle damage by
influencing angiogenesis (Vaughan et al. 2013) and glucose metabolism in response to
exercise(Vaughan et al. 2016). Polymorphisms of genes coding for other cytokine factors, such
as interleukin-6, osteopontin, chemokine-ligand-2 and chemokine-receptor-type-2, have also
been identified but require further investigation to fully elucidate their role in the extent of
inflammatory muscle damage (Baumert et al. 2016; Hubal et al. 2010).

Following EIMD, regeneration and remodeling are governed by growth factors. Among these
are the insulin-like growth factor-1 (IGF-1) and IGF-II, IGF-binding proteins, the insulin receptor,
and cell surface receptors, such as IGF-I receptor and IGF-II receptor (Duan et al. 2010; Jiao et
al. 2013; Mackey et al. 2011). The same factors are involved in exercise-induced muscle
hypertrophy (Matheny et al. 2009; Sharples and Stewart 2011). Different isoforms of IGF-I
stimulate satellite cells in muscle to proliferate and differentiate, and IGF-l overexpression was
shown to significantly increase muscle cross-sectional area after a chronic muscle overload
(Paul and Rosenthal 2002). Specifically, insulin-like growth factor-lIEb expression increases in
response to muscle damage stimulating myoblast fusion (Jiao et al. 2013; Yang and Goldspink
2002). Moreover, IGF-IEc protects muscle cells from ROS during the inflammatory phase after
EIMD by enhancing the activity of superoxide dismutase (Dobrowolny et al. 2005).
Furthermore, as IGF-I regulates collagen synthesis, decreased IGF-I levels induced by IGF SNPs



may negatively influence the stability of the extracellular matrix and cause decrease in
strength (Hansen et al. 2013). Similarly, several different SNPs of IGF-Il have been associated
with EIMD, which might to some extent be explained by IGF-1l playing a role in extracellular
matrix integrity (Baumert et al. 2016).

As strenuous exercise results in oxidative stress and ROS production, any reduction of the anti-
oxidative capacity of cells is expected to increase EIMD. A single nucleotide polymorphism
Alal6Val (rs4880, C>T) in the superoxide dismutase 2 (SOD2) gene results in reduced efficiency
of SOD2 and consequently increases EIMD susceptibility (Shimoda-Matsubayashi et al. 1996)
and creatine kinase concentration after exercise (Akimoto et al. 2010).

Additionally, a gene polymorphism involving the allele-D for angiotensin-I converting enzyme
(ACE) has been associated with increased muscular strength in humans (Williams et al. 2005),
lower creatine kinase in plasma following strenuous exercise (Yamin et al. 2007), and
decreased pain sensitivity due to shorter bradykinin half-life (Baumert et al. 2016).

Since we will later discuss the effects of EIMD on insulin sensitivity, we wish to conclude this
section with an example of how variability in insulin secretion might affect susceptibility to
EIMD. In type 2 diabetes mellitus, insulin resistance is often accompanied by down-regulation
of the zinc transporter solute carrier family 30 member 8, which is a product of the SLC30A8
gene (Somboonwong et al. 2015). As the disturbed zinc homeostasis affects insulin
crystallization and secretion (Chen 2015; Lemaire et al. 2009), carriers of the C-allele of
SLC30A8 (C>T) SNP (rs13266634) have more than a 50 % greater risk of developing type 2
diabetes than T-allele carriers. Protein synthesis decreases in their muscle cells due to the
lower insulin level, probably resulting in longer recovery time after strenuous exercise. In
contrary, individuals with the TT genotype of the SLC30A8 SNP show smaller strength loss and
soreness as well as lower plasma CK and myoglobin concentration after eccentric exercise
(Sprouse et al. 2014). For more genetic aspects on EIMD, see the excellent review by Yamin
and coworkers (Yamin et al. 2014).

3. Consequences of EIMD
3.1 Structural and mechanical consequences of EIMD

Following eccentric exercise, structural changes at the cellular level include unaligned,
overextended sarcomeres, or even occurrence of so called half-sarcomeres, regional
disorganization of myofilaments, Z-line streaming, disrupted I-bands, disorganized
cytoskeletal elements, such as desmin, dystrophin and other proteins, T-tubule damage,
autophagic vacuoles, displaced organelles, swollen mitochondria, and intramuscular capillary
damage (McKune et al. 2012; Morgan and Allen 1999). The disruption of muscle’s structure
affects its mechanical properties, which can be quantified as a right shift in the muscle’s active
length-tension diagram due to an increase in series compliance (Katz 1939; Morgan 1990).
Furthermore, a prominent active tension decline develops, which is closely associated with
the disruption of T-tubules and sarcoplasmic reticulum membranes as well as with an impaired



ECC. It is worth pointing out that the decline in active tension is not due to disruption of
sarcomeres in series per se. In a series of sarcomeres, the recorded force does not depend on
the number of sarcomeres in series. In other words, if some sarcomeres fail to produce force,
this does not necessarily affect the produced force. It only shifts the length-force curve to
longer lengths, i.e., to the right (Morgan and Allen 1999; Proske and Morgan 2001). However,
since eccentric exercise also brings about membrane damage and disrupted ECC, the force
production is affected as well (Allen 2001; Proske and Morgan 2001). It should also be noted
that in addition to the abovementioned membrane and ECC changes, the active tension
decline following eccentric exercise also includes a metabolic component common to all
exercise types. Therefore, a comparable concentric exercise should be used as a control when
assessing the tension decline after eccentric exercise (Allen 2001; Morgan and Allen 1999).
Immediately after eccentric exercise, muscle stiffness increases due to a rise in passive tension
and remains elevated for a few successive days. This stiffness possibly results from various
factors, including stretch-activated Ca?* entry, local contracture of fiber segments caused by
the T-tubule and SR membrane damage-associated rise in CaZ*, or from shortening of parallel
non-contractile elements within the muscle tissue (Howell et al. 1993; Jones et al. 1987;
Proske and Morgan 2001). The described increase in passive tension after a series of eccentric
contractions is largest at sarcomere lengths close to the optimum for active tension
(Whitehead et al. 2001). Type Il muscle fibers are more susceptible to EIMD (Macaluso et al.
2012) and this has been ascribed to lower levels of cytoskeletal proteins mechanically
supporting sarcomeres and heat shock proteins that normally protect the muscle from
mechanical stress and enhance recovery (Folkesson et al. 2013; Koh 2002; Liu et al. 2006;
McKune et al. 2012). In addition, a lower oxidative capacity, a higher capacity to generate
tension, and a shorter optimum length for tension generation may all contribute to greater
vulnerability of type Il fibers (Douglas et al. 2017a; Proske and Morgan 2001; Qaisar et al.
2016).

3.2 Electrophysiological, ionic, and molecular consequences of EIMD

Membrane tears and increased open probability of stretch-activated channels and possibly other
channel types, such as store-operated channels, leak, and growth factor-regulated channels, are
believed to be responsible for characteristic ionic and electrophysiological disturbances observed in
damaged muscle fibers (Allen et al. 2005; Gailly 2012). Following eccentric contractions, resting
[Ca?*]iincreases within minutes and stays elevated for hours and this rise is accompanied by a
fall in tetanic [Ca?*]; (Balnave and Allen 1995, 1996; Lynch et al. 1997). As mentioned in the
previous chapter, this reduced Ca?* release from SR probably explains the part of performance
reduction that cannot be attributed to mechanical displacement of myofibrils (Warren et al.
1993). The increase in resting [Ca®*]iis probably mostly due to influx from the extracellular
space via stretch-activated channels rather than from internal stores, since it can be prevented
by omission of extracellular Ca?* and by specific blokers of this type of channels and the release
from SR can be rescued by caffeine (Allen et al. 2005). The described changes in [CaZ*]; are
especially pronounced in the mdx mouse model of human Duchenne muscular dystrophy. This
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confirms the role of stretch in eliciting the pathophysiological cascade and highlights the
importance to understand its elements for not only prevention and treatment of EIMD, but
also to find new molecular targets to treat muscular dystrophies (Allen et al. 2010; Yeung et
al. 2005). Na* ions also have a large inward electrochemical gradient and since stretch-
activated channels are permeable also to Na*, intracellular Na* concentration ([Na*]i) rises
alongside [Ca?*]i following eccentric contractions (Yeung et al. 2003). The increase in [Na*];
probably accounts for osmotic inflow of water, swelling, and vacuolization, as well as at least
partly for a decrease in pH due to a reduced efficiency of the Na*/H* exchanger (Foley et al.,
1999; Yeung, Balnave et al., 2002; Yeung, Bourreau et al., 2002). Another mechanism for the
decrease in pH may be an increased inward leak of H* (Allen et al. 2005). Most importantly,
due to the increase in [Na*];, the Nernst diffusion potential for Na* becomes less and together
with the increased permeability for Na*, the membrane depolarizes. Using glass
microelectrode measurements in rat muscle studies, McBride and coworkers demonstrated
that following eccentric contractions, membrane potential depolarizes by approximately 10
mV for at least 24 h. Similarly to the rise in [Ca®*];, depolarization could partly be prevented by
stretch-activated channel blockers, indicating the central role of these channels in both
processes (McBride et al. 2000). However, stretch-activated channels are expected to
deactivate within seconds after mechanical activation. Since the dynamics of depolarization is
rather slow, there is probably another mechanism which governs the behavior of these
channels, such as damage of cytoskeletal proteins conveying the mechanical force (Guharay
and Sachs 1984). Some part of depolarization, especially in older animals, is probably due to
membrane tears (McBride 2000). Conceivably, membrane depolarization can inactivate
voltage-sensitive Na* channels, reduce action potential amplitude, and thus attenuate Ca?*
release (Allen et al. 2005). Furthermore, decreased pH can reduce myofibrillar Ca?* sensitivity
and also the increased [Ca®*]; itself could contribute to reduced Ca?* release via a calpain 3-
dependent process (Fabiato and Fabiato 1978; Verburg et al. 2005; Westerblad et al. 2000).
In addition to reduced force production, increased [Ca®']i can also account for calpain-
mediated protein breakdown and phospholipase- and ROS-dependent damage and increased
membrane permeability (Belcastro et al. 1998; Huang and Zhu 2016). Finally, it should be
noted that beside the crucial role of the abovementioned changes in fatigue, there is strong
evidence that the same stretch-activated channel-dependent increase in [CaZ*]iis crucial for
hypertrophy via mechanisms that have been excellently reviewed elsewhere (Spangenburg
and McBride 2006; Zanchi and Lancha 2008).

The above changes at the (sub)cellular level are accompanied by characteristic changes in
extracellular recordings. Behrens and coworkers measured the changes in excitability of alpha
motor neurons after EIMD at the spinal level. By using the H-reflex technique, they showed
that maximal H-reflex (H-max), maximal M-wave (M-max), and the ratio of H-max to M-max
were not affected by EIMD, while the isometric maximal voluntary contraction was impaired.
Their data suggest no association between muscle soreness and voluntary muscle activation
or spinal nerve excitability (Behrens et al. 2012). When measuring discharge rate of human
motor neurons, Hedayatpour and coworkers found no significant impairment by EIMD



(Hedayatpour et al. 2009). However, the same was not true for the conduction velocity of
muscle motor units. Surface and fine-wire intramuscular EMG measurements on two locations
of vastus medialis showed a decrease in motor unit conduction velocity up to 10% over 24- to
48-hours following EIMD (Hedayatpour et al. 2009). Moreover, during sustained contractions,
at 24 and 48 h post-exercise, the motor unit conduction velocity decreased over time at faster
rates compared to control without previous eccentric exercise, confirming that the
electrophysiological membrane properties of muscle fibers are altered by EIMD (Hedayatpour
et al. 2009). Human studies of Semmler and coworkers show significant changes in many EMG-
related muscle parameters, among which are up to 2-times increased EMG amplitudes and
force fluctuations during submaximal contractions of muscles following eccentric exercise
(Dartnall et al. 2008; Dundon et al. 2008; Semmler 2014; Semmler et al. 2007). Examining
these changes in detail, the authors suggested that the reasons for increased submaximal
EMG after eccentric exercise could include a decrease in motor unit conduction velocity and
an increased antagonist muscle co-activation to maintain the required submaximal force
(Semmler 2014). Compared to concentric exercise, eccentric exercise causes a greater and
longer-lasting reduction in conduction velocity (Piitulainen et al. 2011). Further data revealed
a decrease in mean motor unit recruitment threshold (biceps brachii, 41% and 39% reduction
immediately after and 24 h after exercise, respectively) and an 11% faster minimum tonic
discharge rate and variability (Dartnall 2009). Importantly, motor unit synchronization and
coherence at low frequencies increased up to >30% immediately and 24 h after eccentric
exercise and up to 57 % 1 week later later (Dartnall et al. 2008, 2011). In sum, these studies
indicate that EIMD alters the behavior of motor units, including their conduction velocities
and synchronization which points to an impaired motor control and altered motor unit
activation for up to 1 week (Semmler 2014). The changes in motor unit activity seem to be
compensated by the central nervous system with an increase in neural drive during
submaximal isometric contractions (Piitulainen et al. 2011).

3.3 Metabolic consequences of EIMD

Non-damaging muscle contraction stimulates glucose uptake in an intensity- and duration-
dependent manner via the GLUT4 transporter, both synergistically and independently of
insulin, in the latter case even more potently than insulin alone (Ahlborg et al. 1974; Wallberg-
Henriksson et al. 1988; Youn et al. 1991). Thus, from a clinician’s and patient’s point of view
muscle activity is an attractive and possibly highly efficient measure for achieving and
maintaining euglycemia in both type 1 and type 2 diabetes (T2D) and the metabolic syndrome
(Buresh and Berg 2018; Codella et al. 2017; Egan and Zierath 2013; Evans et al. 2019). This is
highlighted by the fact that the skeletal muscle is quantitatively the most important glucose
sink and accounts for about 80 % of glucose disposal under insulin-stimulated conditions, and
that insulin resistance in skeletal muscle is the primary defect in pathogenesis of T2D
(DeFronzo et al. 1981; Goodyear, PhD and Kahn, MD 1998; Ryder et al. 2001; Tumova et al.
2016). Importantly, non-damaging exercise also corrects the defective insulin signaling
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cascade (Zierath 2002). Despite the practical importance of exercise and the potential that
understanding the intracellular signals mediating contraction-stimulated glucose uptake may
suggest novel drug targets, the molecular mechanisms elicited by contraction are much less
studied and understood compared to the ones elicited by insulin (DeFronzo et al. 2015; Richter
and Hargreaves 2013; Stanford and Goodyear 2014). Even less is known about specific effects
of damaging eccentric contractions and EIMD (Andersen et al. 2019; Aoi et al. 2013; Asp et al.
1997; Jentjens and Jeukendrup 2003). Therefore, we first briefly review the main metabolic
effects of exercise in general and then of EIMD in specific.

A part of the increased glucose uptake during exercise might be due to enhanced insulin
signaling through the classical phosphytidylinositol 3-kinase (PI3K)/Akt/TBC1D4 signaling
cascade (Hayashi et al. 1997; Higaki et al. 2008; Richter and Hargreaves 2013). However, the
major part of contraction-dependent increase in glucose uptake is probably insulin-
independent. The classical view is that Ca?* released from the endoplasmic reticulum and its
downstream Ca?*-dependent proteins, such as PKC isoforms, Ca?*/calmodulin-dependent
kinase CaMKII, NSPL1, and CaMKK, are mainly responsible for the contraction-dependent
glucose uptake (Jensen et al. 2014; Youn et al. 1991). However, some recent reports have
suggested that Ca?* is neither sufficient nor necessary for maximum contraction-dependent
glucose transport response and that the metabolic and mechanical stress associated with
contraction play a much more important role than Ca?*.

In other words, there is probably an insulin-independent, AMPK-dependent signaling pathway
and an insulin-independent, mechanical stress-dependent pathway. On the one hand, a rapid
turnover of ATP is believed to activate AMPK and its downstream targets, among which
TBC1D1, NO synthases, PIKfyve, NSPL1, and/or the RalA GAP protein GARNL1 are the
proposed candidates, and translocate GLUT4 to the plasma membrane. On the other hand,
the mechanical stress itself brought about by contraction can activate glucose transport via
much less well-understood secondary messengers and signaling cascades. Among the
proposed signaling molecules and mechanisms are the AMPK-related kinase SNARK, ROS, and
the actin cytoskeleton-regulating GTPase Racl (Jensen et al. 2014; Pirkmajer and Chibalin
2016; Stanford and Goodyear 2014; Sylow et al. 2014b, 2015, 2016). Racl, which is essential
for transmitting mechanical stress to increased glucose uptake, is probably also involved in
the insulin-dependent pathway, demonstrating that the described intracellular pathways
originating from different signals can at least partly converge (Sylow et al. 2014a, 2014b).
Overall, muscle activity can acutely increase insulin sensitivity. This effect is immediate and
usually persists for several hours or days, which is why physical activity is especially important
for type 2 diabetic patients. Long-term effects of regular bouts of exercise lead to an additively
improved whole-body glucose tolerance, but the majority of the observed improvement can
still be explained by the last bout of exercise (Tee et al. 2007). A concise graphical summary of
the described events is given in Figure 2.

In stark contrast with the above effects, a bout of eccentric exercise resulting in EIMD causes
a decreased insulin sensitivity due to disturbed intracellular insulin signaling and less GLUT4
in the plasma membrane (shown on the left side of Figure 2). Additionally, EIMD is associated
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with glycogen depletion due to higher glycogen use or slower repletion due to the observed
decrease in insulin sensitivity. Furthermore, glucose metabolism displays a decrease in
oxidative and an increase in non-oxidative glucose degradation, accompanied by an increased
lactate response to exercise and an increased metabolic rate. This is probably a consequence
of damage to the oxidative machinery and a preferential recruitment of type Il fibers in the
period following EIMD, whereas the increased metabolic rate is a consequence of repair
processes or a decreased efficiency of the oxidative metabolism. Interestingly, these shifts in
the metabolic profile of glucose are more strongly pronounced in cases where metabolic
stress predominates over mechanical stress (Evans et al. 2019; Gavin et al. 2018; Hughes et al.
2013; Tee et al. 2007). In contrast, the decreased content of GLUT4 is more strongly associated
with EIMD after mechanical than after metabolic stress (Asp et al. 1997).

The oxidative stress after eccentric exercise mediated by inflammatory cells could be one of
the main culprits for the impaired insulin-stimulated glucose uptake as well as post-exercise
glucose utilization (Aoi et al. 2012). The increase in ROS, especially hydrogen peroxide (H20,),
leads to lipid peroxidation, its major product being 4-hydroxy-noneal. It accumulates in cells
and subsequently modifies insulin signal transduction by non-enzymatically and irreversibly
changing the amino acid sequence of target proteins, including the insulin receptor substrate
1 (IRS-1) (Aoi et al. 2012; Wei et al. 2008). Simultaneously, the content of GLUT4 transporters
and their translocation to sarcolemma drop significantly (Aoi et al. 2012; Asp et al. 1997). The
same goes for the GLUT4-mRNA concentration, pointing to a decreased transcription rate
(Kristiansen et al. 1997). Concentrations of many enzymes and different factors have been
reported to change following eccentric exercise and might be associated with the decreased
GLUT4 content (Richter and Hargreaves 2013). More specifically, it has been shown that
phosphorylation of insulin receptor beta and protein kinase B (Akt) decrease, while
phosphorylation of the I-kappaB kinase alpha and beta (plKKalpha/beta), the stress-activated
protein kinases/Jun amino-terminal kinases (pSAPK-JNK), the nuclear factor kappa B (NF-
kappaB), and the insulin receptor substrate IRS-1 increase after a downhill running protocol
(Morais et al. 2018; Pereira et al. 2016a).

Another putative source of oxidative damage and thus insulin resistance during EIMD are
reactive nitrogen species (RNS). It has been shown that the production of nitric oxide (NO) and
the activity of nitric oxide synthase (NOS) increase during muscle contraction/exercise (Balon
and Nadler 1997; Roberts et al. 1999). This is believed to subsequently increase contraction-
stimulated glucose uptake (Higaki et al. 2001; Merry et al. 2010). However, simultaneous
presence of high levels of ROS on respiratory chain complexes | and Il in fast twitch muscle
fibers, as well as NOS stimulation and the subsequent increase in contraction-stimulated
glucose uptake, lead to an increased production of RNS in fast-twitch muscle fibers and render
them more prone to oxidative damage (Anderson and Neufer 2006; Merry et al. 2010). One
important RNS is peroxynitrite, which causes lipid peroxidation, DNA damage, and
nitrosylation of proteins including Syntaxin 4, a key molecule in insulin exocytosis, and
nitration of Akt, a key factor in insulin signaling (Duplain et al. 2008; Hsu et al. 2016; Korbecki
et al. 2013; Wiseman et al. 2011). Stimulation of peroxynitrite degradation attenuates insulin
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resistance and improves insulin-stimulated glucose uptake in skeletal muscle in mice,
suggesting that elevated peroxynitrite production during eccentric exercise might be at least
partly responsible for the decrease in insulin sensitivity after exercise (Duplain et al. 2008;
Lima-Cabello et al. 2010). Noteworthy, NO may play a very pleiotropic role in eccentric
exercise beyond its role in insulin sensitivity. First, increased quantities of NO may stimulate
nociceptors, contributing to the characteristic muscle soreness accompanying this type of
exercise (Radak et al. 2012). Second, NO was shown to regulate force generation by reversibly
inhibiting cytochrome oxidase, which affects oxygen uptake, therefore decreasing the
maximal force production and protecting the already damaged muscle (Finocchietto et al.
2009). Third, exercise induced generation of NO is an important signal for interleukin-6,
interleukin-8, hem oxygenase and HSP78 production (Klarlund Pedersen et al. 2001;
Steensberg et al. 2007), and specifically, sarcolemmal neuronal nitric oxide synthase (nNOS)
is an important regulator of blood flow to active skeletal muscle (Vincent et al. 2014). Last but
not least, NO also plays crucial roles in muscle growth and regeneration as an activator of
satellite cells (Yin et al. 2013) as well as a controller of the IGF-1/p70 S6 kinase signaling
pathway (Sellman et al. 2006). All these roles of NO should be kept in mind when devising
therapeutic strategies to influence its signaling (Aguiar et al. 2017).

However, a very recent experimental study of isolated rat muscle showed that the negative
metabolic effect of eccentric exercise in terms of glucose uptake is limited to damaging
eccentric exercise and does not occur after moderate eccentric exercise. It is also transient in
nature and probably limited in time to the period immediately after the exercise and up to 48-
hours post-exercise. Finally, and most importantly, only insulin-dependent uptake seems to
be affected by EIMD, not contraction-dependent glucose uptake. Interestingly, the
contraction-dependent glucose uptake increased more immediately after damaging eccentric
than after moderate eccentric, concentric, or isometric exercise, suggesting that some factor
related to muscle damage is also a strong stimulant of contraction-induced glucose uptake. In
fact, this increase might at least partly mitigate the reduction in insulin-dependent uptake
(Andersen et al. 2019). These findings at the cellular level are complemented by exercise
studies. In both healthy young females and males, as well as in prediabetic patients, non-
damaging acute eccentric exercise has energy expenditure-dependent positive effects on
insulin sensitivity and glucose tolerance, comparable with the effects of concentric exercise
(Philippe et al. 2016b, 2016a, 2017). Moreover, acute anti-inflammatory effects through IL-6
may be even more pronounced by such non-damaging eccentric exercise than after concentric
exercise matched for energy expenditure (Philippe et al. 2016b, 2016a). Finally, a small degree
of EIMD was recently shown to not affect the insulin response and glucose tolerance
immediately after eccentric exercise (Cook et al. 2015). Alone or combined, all of the above
factors can contribute to an impaired whole-body insulin sensitivity and should be considered.
A damaging eccentric exercise of even a small muscle group, such as isolated upper limb
muscles, e.g., elbow flexors of only one arm, results in impaired whole-body insulin sensitivity.
However, this is the case after the first but not after the second bout of exercise (Gonzalez et
al. 2015). Conceivably, the impairment in insulin sensitivity is especially prominent if the
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muscle mass enrolled in eccentric exercise is larger and exercise is unaccustomed, but also in
this case, the effect is abolished after multiple exercise bouts (Green et al. 2010; Paschalis et
al. 2011; Vermaas and Runhaar 2011). From the available evidence, it seems that the long-
term beneficial effects of eccentric exercise outweigh the transient negative effects on insulin
sensitivity, but further studies are needed to resolve this issue.

3.4 Clinical consequences of EIMD

Ideally, muscle biopsy can serve as a direct marker for the degree of muscle damage. But to
gain a precise insight into the time course of changes in the muscle, one would have to
perform the biopsy multiple times and possibly at the same site, which is highly impractical if
not impossible because of inflammation due to the biopsy itself (Brentano and Martins Kruel
2011; Damas et al. 2018; Malm 2001). Fortunately, many other more easily measurable
consequences accompany muscle damage and can be used as practical indirect markers for
EIMD. The markers most commonly used in the clinical environment are presented in detail
below and their time courses are illustrated in Figure 3.

3.4.1 Strength loss

Strength loss is considered as the most reliable indirect marker of EIMD and is measured as a
decrease in the rate of force development (RFD) and maximal voluntary contraction (MVC)
torque (Damas et al. 2016; Pefailillo et al. 2015; Szczyglowski et al. 2017). By definition, in
mild EIMD the reduction of MVC is less than 20 %, with few or absent morphological
abnormalities and a full strength recovery within 48 hours. The MVC reduction of 20-50 % is
characteristic of moderate EIMD and is associated with mild inflammation, some myofibrillar
disruption, and recovery time of up to 7 days. In severe EIMD, characterized by a greater than
50 % MVC reduction, tissue damage is so profound that it can take weeks to recover (RAASTAD
et al. 2010). Interestingly, strength restoration is accompanied by worsening of ultrastructural
damage, confirming that apart from physical damage, defective excitation-contraction
coupling (ECC), metabolic, and other changes described in previous chapters are involved in
strength loss (Clarkson and Hubal 2002). When measuring muscle strength over the first 24
hours after eccentric exercise, a first decrease in strength is observed immediately post-
exercise, followed by a gradual improvement over the next 4 hours. The second strength
decrease ensues at 20-24-hours post-exercise, most probably due to additional damage by
inflammation or due to central inhibition by pain (Clarkson and Hubal 2002; Maclintyre et al.
1996; McKune et al. 2012). In quantitative terms, only approximately 25 % of strength loss
during the first 3 days of EIMD is believed to be a direct consequence of mechanical factors
and the remaining 75 % are probably due to the impaired ECC (Warren et al. 2002). Strength
loss in the period beyond the first 3 days is most probably due to calpain-mediated contractile
protein degradation (Murphy et al. 2013; Warren et al. 2002).
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3.4.2 Decreased range of motion

Decreased range of motion (ROM) by up to 20-45 degrees immediately after eccentric exercise
results from an inability to fully contract or fully extend the damaged muscle, and is a valid
indicator of EIMD (McKune et al. 2012). The inability to fully contract might be due to
overstretched sarcomeres or altered proprioception (Proske and Morgan 2001; Torres et al.
2010). The deficient contraction might ensue from supportive tissue damage, contractures, or
swelling. Recovery typically starts within 24 hours (Clarkson et al. 1992).

3.4.3 Swelling and hypertrophy

As a rule, swelling and soreness are experienced on the day following eccentric exercise
(Hough 1902). Edema and swelling begin to develop intramuscularly as soon as 0-1 hours post-
exercise, then spread into the subcutaneous space (Clarkson 1997), and after a gradual
increase peak at days 4-10 post-exercise. Intracellular edema has been reported to abate
slowly, with persistent elevation in intracellular fluid detectable even after 2-3 months
(Clarkson and Hubal 2002; Foley et al. 1999; McKune et al. 2012; Ploutz-Snyder et al. 1997).
Swelling is difficult to discern from hypertrophy as both processes increase muscle size.
However, initial resistance training bouts more commonly increase muscle size due to
swelling, while the advanced exercise bouts cause hypertrophy, characterized by contractile
protein accumulation within 3-10 weeks (Counts et al. 2017; Damas et al. 2018). The exact
role of muscle damage in hypertrophy remains to be elucidated (see below). It is possible that
some extent of Z-band streaming is required to prepare muscle for hypertrophy by adding
sarcomeres in series (remodeling) (Damas et al. 2018). Swelling and hypertrophy are usually
assessed by measuring muscle group circumference or using ultrasonography and magnetic
resonance imaging. However, none of the methods mentioned is able to distinguish between
muscle swelling and hypertrophy. On the other hand, ultrasound echo intensity and MRI T2
relaxation time can offer a better estimate of edema-induced muscle swelling versus
hypertrophy (Foley et al. 1999; McKune et al. 2012).

3.4.4 Soreness

Soreness, more commonly named delayed-onset muscle soreness (DOMS), typically appears
12-48 hours post-exercise, peaks at 24-72 hours, and subsides within 5-7 days (Guilhem et al.
2010b; McKune et al. 2012; Warren et al. 1999). Usually, DOMS is assessed by a visual
analogue scale, and its manifestations include tenderness to palpitation, stretch, and
contraction, as well as a dull pain of the entire muscle with possible aggravation at
myotendinous junctions (Warren et al. 1999). Most probably, pain results from
prostaglandins, histamine, and bradykinins as mediators of inflammation. They sensitize
mechanical type Ill (type AS) and polymodal type IV (type C) nerve afferents and lower their
activation threshold so that they respond to mechanical stimuli due to tissue swelling or to
otherwise normal mechanical deformation (Clarkson and Hubal 2002; Clarkson and Sayers
1999; Maclntyre et al. 1995; Qamar et al. 2019). Nosaka and coworkers found that DOMS only
poorly correlates with the extent of EIMD and inflammation (Nosaka et al. 2002).
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3.4.5 Increase of muscle proteins in plasma and other markers

Intracellular muscle proteins can leak into the extracellular space after cell membrane
damage. EIMD causes an increase in plasma myoglobin, creatine kinase, lactate
dehydrogenase, myosin heavy chain, skeletal troponin |, alpha actin, fatty acid binding protein,
aspartate aminotransferase, carbonic anhydrase Il isoenzymes, and others (Brentano and
Martins Kruel 2011). They are used as muscle damage biomarkers, but their concentrations
strongly depend not only on their leakage from the damaged muscles but also on their
removal rates. The most common and most sensitive marker used is creatine kinase, because
of its relatively larger plasma concentration increase after EIMD and lower assay cost
compared to other proteins (Sorichter et al. 1995). However, there are major considerations
and limitations to its use as an EIMD marker. More specifically, there is a great concentration
variability in creatine kinase among comparably trained individuals. The plasma concentration
depends on exercise type and starts to increase only after approximately 12-hours post-
exercise, peaking at 4-6 days (Figure 3) (Chen et al. 2018; Damas et al. 2016). The total plasma
concentration comprises various isoenzymes with different origins and the assay sensitivity
and reproducibility are ambiguous (Clarkson and Hubal 2002). For early assessment of EIMD,
skeletal troponin |, alpha actin, and fatty acid binding protein are more useful candidates
(Gibala et al. 1995; Sorichter et al. 1997, 1998). Myoglobin and the n-terminal fragment of titin
in urine could also be used as an alternative to plasma biomarkers of EIMD in the near future
(Finsterer and Drory 2016; Jang et al. 2018; Kanda et al. 2017). Another noninvasive alternative
for EIMD assessment is the analysis of saliva, in which proposed biomarkers include salivary
immunoglobulins (in particular IgA), cortisol, testosterone, a-amylase, lactoferrin, and others
(Lindsay and Costello 2017; Papacosta and Nassis 2011). Infrared thermography has also been
suggested for noninvasive detection of increased skin temperature as an indicator of EIMD
(Hildebrandt et al. 2010). However, in at least one human study, skin temperature did not
correlate with plasma creatine kinase and further studies could help clarify its applicability (Da
Silva et al. 2018). Finally, oxidative stress indices, such as thiobarbituric acid reactive
substances, protein carbonyls, and uric acid, are gaining importance as blood markers in
human studies (Serravite et al. 2014).

3.4.6 Increase of plasma proteins and extracellular dyes in muscle

Apart from muscle proteins leaking into plasma after EIMD, protein flow also occurs in the
inverse direction. Macromolecules normally found extracellularly, such as albumin, can enter
muscle cells and be detected with immunohistochemical techniques. For research purposes,
the Evans blue dye or horseradish peroxidase can be injected into the bloodstream and
observed as an EIMD marker in muscle cells micro- or macroscopically (Hamer et al. 2002;
McNeil and Khakee 1992). Noteworthy, Petrof and coworkers used the fluorescent dye
procion orange in isolated muscles from control and mdx mice to show that dystrophin
protects the plasma membrane from mechanical stress during eccentric contractions (Petrof
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et al. 1993). Safer alternative for membrane damage assessment and long-term studies
including repeated biopsies, involves the identification of intracellular fibronectin using
specific antibodies (Palacio et al. 2002).

3.4.7 EMG changes

Most of the methods of EIMD assessment mentioned in chapter 3.4.5 require blood sample
analysis and are thus invasive and time consuming. As such, they are inappropriate either for
frequent or fast EIMD monitoring. Alternatively, fast and painless evaluation of EIMD is
achievable by surface electromyography (sSEMG) in which the zero crossing rate (ZCR) and the
AREA of integrated EMG were shown to be good predictors of muscle damage extent
correlating well with CK measurements (Zhou et al. 2011). Furthermore, parameters described
in section 3.2, such as the increase in EMG amplitude, increase in force fluctuations during
sustained contraction, decreased conduction velocity, and others can be used to assess
muscle damage (Semmler 2014; Semmler et al. 2007).

3.5 The repeated bout effect

A second bout of exercise similar to the one that elicited EIMD results in significantly less EIMD
and substantially less pronounced consequences. It appears that this effect, coined the
repeated bout effect, can be explained by neuromuscular, mechanical, and cellular
adaptations (Hyldahl et al. 2017; Nosaka and Clarkson 1995). First, activation of a larger
number of muscle fibers may redistribute the mechanical stress, such that the relative
mechanical stress per myofibril is decreased (Hortobagyi et al. 1996). A very interesting
confirmation that the activation patterns change comes from the fact that there is a crossover
effect on the contralateral limb with ipsilateral training (Howatson and Van Someren 2007;
Starbuck and Eston 2012). Mechanical adaptions involve increases in intramuscular
connective tissue and intracellular non-contractile proteins, which provide reinforcement and
dissipate the mechanical stress (Barash et al. 2002; Hyldahl and Hubal 2014; McHugh 2003).
Cellular adaptations involve changes in the contractile machinery, proteolytic activity, and the
inflammatory response (Douglas et al. 2017a, 2017b; Stupka et al. 2001; Tee et al. 2007). More
specifically, the number of sarcomeres increases and the activity of neutrophils and
monocytes decreases with repeated bouts (Franchi et al. 2017b; Guilhem et al. 2010a; Hyldahl
et al. 2017; Morgan 1990; Pizza et al. 2002). Finally, it is worth pointing out that the repeated
bout effect was typically described in cases of EIMD where the prevailing culprit is mechanical
stress, i.e., in eccentric contraction, and that the adaptation may be less well pronounced in
cases where metabolic stress is the predominant initiating factor for EIMD, i.e., in endurance
training (Tee et al. 2007).
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3.6 The role of EIMD in hypertrophy and the risk of non-functional overreaching and

overtraining

One of the most striking examples of adaptation in human physiology is the skeletal muscle
hypertrophy in response to resistance training, especially the one involving eccentric
contraction (Egan and Zierath 2013; Franchi et al. 2017b; Rennie et al. 2004; Siriguleng et al.
2018). According to our current state of knowledge, both the exact hypertrophy stimulus and
the hypertrophy sensors in skeletal muscle remain to be defined (Francaux and Deldicque
2019). However, mechanical load is likely the main stimulus and two Z-disk associated
proteins, filamin-C and Bag3, are the most likely hypertrophy sensors (Rennie et al. 2004;
Wackerhage et al. 2019). First, filamin-C, which is linked to the Z-disk, actin, and Bag3, become
deformed under mechanical load. Second, both filamin-C and Bag 3 become phosphorylated
during intense contractions by unknown kinases. When phosphorylated, Bag3 binds inhibitors
of the mammalian target of rapamycin complex 1 (mTORC1) and of the Hippo effector Yap, as
well as the autophagy-regulating synaptopodin-2 (Synpo2). In this way, mechanical load can
disinhibit mTORC1-regulated protein synthesis and Yap-regulated branched-chain amino acid
uptake, as well as activate Synpo2-regulated autophagy of damaged Z-disks, which is an
essential part of muscle hypertrophy (Wackerhage et al. 2019). For excellent and exhaustive
recent reviews of possible hypertrophy stimuli, sensors, and the signaling cascades, see
Wackerhage et al., Egan and Zierath, and Francaux and Deldicque (Egan and Zierath 2013;
Francaux and Deldicque 2019; Wackerhage et al. 2019).

The role of EIMD in hypertrophy has been controversial since its proposal (Evans and Cannon
1991). The most important reason for this is that eccentric contraction produces higher loads,
which are a more efficient direct hypertrophic stimulus, but it also increases the likelihood for
EIMD. In other words, due to this confounding it is difficult to separate the effects of EIMD
from other factors associated with eccentric contraction. However, evidence exists that
muscle damage from other sources can induce hypertrophy and that satellite cells (SCs)
probably play a central role in this case (Wackerhage et al. 2019). Moreover, SCs were shown
to activate and proliferate in response to non-damaging exercise, but this response is stronger
if the exercise is accompanied by EIMD (Crameri et al. 2004, 2007). Unfortunately, it remains
to be resolved whether satellite cells contribute primarily to repair, remodeling, or also to
hypertrophy. According to a recent view, SCs are certainly involved in repairing the muscle
and remodeling of extracellular matrix following EIMD. With less damaging repeated bouts,
their numbers remain elevated and enhance the myogenic capacity for future stressful events.
They probably contribute new nuclei to myofibers only in cases of hypertrophy exceeding 25
% of muscle volume (Damas et al. 2018).

Eccentric exercise protocols do not only cause EIMD and possibly hypertrophy, but can also
result in performance decrease due to overreaching or overtraining if there is an imbalance
between exercise sessions and recovery periods, as shown with specific overtraining protocols
developed for mice (Pereira et al. 2012). Functional overreaching (FOR) is characterized by a
short-term decrease followed by performance improvement after a few days of recovery. In
non-functional overreaching (NFOR), performance is strongly impaired. There may be
psychological or hormonal imbalances, as well as intramuscular and systemic inflammation
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requiring weeks or months to recover completely. The overtraining syndrome (OTS) can last
months to years and the performance may never completely recover.

From a mechanistic point of view, da Rocha and colleagues have shown that in mice, an
excessive downhill running protocol can inhibit muscle hypertrophy. It also caused some
atrophy in the extensor digitorum longus (EDL) muscle consisting mainly of fast muscle fibers
and induced endoplasmic reticulum stress in both fast and slow muscle types, which persisted
even after the recovery period (Da Rocha et al. 2016; Pereira et al. 2016b). They also found
micro-injuries with polymorphonuclear infiltrates in the soleus and EDL muscle, as well as
significantly elevated pro-inflammatory cytokines IL-18 and IL-6 and the suppressor of
cytokine signaling, SOCS-3, in mice overtrained by downhill running (Da Rocha et al. 2017). In
addition, their histological analyses revealed macrophage and neutrophil infiltration in EDL
muscle, but only macrophages in the soleus, suggesting that not all muscle types are affected
equally by the same overtraining protocol (Da Rocha et al. 2017). Finally, overtraining by
downbhill running increased the percentage of type Ilb muscle fibers in the soleus muscle which
normally consists mostly of type | muscle fibers (Da Rocha et al. 2017). However, it did not
cause sarcomerogenesis, i.e., an increase in sarcomere number in series or their length
(Morais et al. 2020). Following 8 weeks of overtraining by downhill running, a 2-week recovery
period upregulated the anti-inflammatory cytokines IL-10 and IL-15 and normalized the pro-
inflammatory cytokines, but did not result in complete restoration of performance (Da Rocha
et al. 2018).

In human studies, contrasting results were found regarding performance decrease after
resistance training. Very recently, Grandou et al. systematically reviewed 22 studies on
resistance exercise-overtraining, of which 12 studies reported decreased performance, while
10 of them showed no decrease in any measure of physical performance (Grandou et al. 2020).
In 8 studies, the decreased performance returned to normal after 1-8 weeks of recovery, but
in most of the studies, the performance testing during the follow-up period was inadequate
to accurately diagnose FOR, NFOR or OTS. In summary, the underlying mechanisms of
resistance exercise-induced overtraining remain unclear (Grandou et al. 2020). Another very
recent review on FOR shows that similarly to resistance exercise-overtraining, some of the
endurance athletes experience performance decrease after increased training intensity
and/or volume, while others do not (Bellinger 2020). The most common model for inducing
FOR and studying its consequences and recovery from overreaching typically employs an
overtraining period of up to 4 weeks. When induced by such training intervention, FOR can
have various cardiovascular consequences, such as reduced heart rate, stroke volume and
cardiac output, increased parasympathetic heart rate modulation, and increased arterial
stiffness. It is also typically accompanied by immunological consequences, such as
compromised innate and/or adaptive immunity with decreased CD20* and neutrophil cell
count, and increased incidence of iliness. Finally, it can also reduce the resting metabolic rate,
impair the quantity and quality of sleep, hinder exercise performance, and increase muscle
soreness, as well as the subjective fatigue perception (Bellinger 2020). To avoid or at least
diminish the risk of overtraining, some recommendations are given in chapter 3.8.

3.7 The risk of EIMD in chronic diseases

The exact mechanisms through which aerobic and resistance training can improve glycaemia
and other metabolic parameters, as well as their effectiveness in improving performance and
the health status of chronic patients are beyond the scope of this paper and have been
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excellently explained elsewhere (Hoppeler 2016; Milanovic et al. 2015; Nakamoto and Ishihara
2020; Stanford and Goodyear 2014). Here, we would only like to point out that in one
important respect, eccentric exercise seems especially promising for the elderly and clinical
populations. Eccentric contraction is able to produce up to 60 % higher forces at a lower
energetic cost compared with concentric and isometric ones. Therefore, it elicits a much lower
cardiopulmonary response (Douglas et al. 2017a; Franchi et al. 2017b, 2017a; Hoppeler 2016;
Lastayo et al. 1999). For instance, up to 4-times less energy is required for walking downhill
compared with going uphill over a given gradient (Hoppeler 2016). However, as EIMD impairs
insulin sensitivity through oxidative stress and other mechanisms, recommending potentially
damaging eccentric exercise to patients with insulin resistance and the metabolic syndrome
has to be thoroughly considered. Especially because the levels of reactive species are already
increased in these patients (Nomiyama et al. 2004; Schrauwen and Hesselink 2004; Torres et
al. 2004). Importantly, deviations from normal weight in either direction increase an
individual’s susceptibility to EIMD (Paschalis et al. 2013). In the light of these potentially
conflicting impacts on overall health, further studies are needed to clarify the benefits of acute
and long-term exercise protocols, as well as eccentric compared to concentric resistance
training and aerobic exercise protocols (Fischer et al. 2017; Roig et al. 2009). Since the
incidence of associated cardiovascular diseases among diabetic patients is relatively high
(Leon and Maddox 2015), they might not be capable of long-duration, low-intensity aerobic
exercise or high intensity eccentric resistance training. Until specific guidelines are available,
eccentric exercise of low to mid intensity with gradual increase in intensity might be a
reasonable alternative in such cases. Due to the repeated bout effect and otherwise superior
hypertrophic effects of eccentric exercise, a single or a few episodes of mild EIMD seem like a
risk that can be taken (Hody et al. 2019). Although here we focused on eccentric resistance
exercise, it should be pointed out that a combination of aerobic and resistance exercise seems
more effective in improving insulin sensitivity in patients with the metabolic syndrome than
either modality alone (Colberg et al. 2010). Additionally, evidence is emerging that aerobic
training may positively affect the hypertrophic response to resistance exercise and vice versa
(Burt et al. 2015; Siriguleng et al. 2018).

3.8 Some practical recommendations to avoid EIMD in athletes and patients

To find a reasonable trade-off between the favorable effects of eccentric exercise and
unwanted EIMD with its consequences, some important considerations must be taken into
account when planning training regimes and performing exercises. It must be kept in mind
that the risk for EIMD rises with eccentric torque, muscle length, and number of eccentric
contractions (Nosaka and Newton 2002). The extent of damage also depends on muscle type,
where upper limb muscles and knee flexors have been shown to be more susceptible to
damage than lower limb muscles and knee extensors, respectively (Chen et al. 2011; Pefailillo
et al. 2017).
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LaStayo et al. propose an eccentric exposure-adaptation phase with very light intensity as
introduction to eccentric muscle training. After 2 weeks of performing such exercise 2-3 times
per week in duration of 5-8 minutes per session, the muscle is prepared to resist progressively
higher loads for prolonged periods in the so-called progressive eccentric-negative work phase.
Eccentric exercise load should start to gradually exceed participant’s isometric maximum load,
with exercise duration being prolonged to 20-30 minutes per session, 2-3 times per week for
6-12 weeks (LaStayo et al. 2014). In accordance with the pathogenetic role of oxidative stress
in EIMD, ischemic preconditioning may play a role in EIMD prevention in the future (Franz et
al. 2017).

It should be pointed out that inappropriately high initial workloads can precipitate all the
consequences of EIMD, which may disturb the progress of training. Patients in rehabilitation
programs who experience severe DOMS do not adhere sufficiently to exercise programs.
Similarly, trained athletes suffering from consequences of EIMD have worse performance in
the short term, are unable to train at their maximal intensity, and have a higher risk of injuries,
such as muscle tears or ligament ruptures. In this respect, athletes’ muscles are especially
vulnerable at the start of the season or when returning to perform following injury (Hody et
al. 2019). For more specific and applicable guidelines, future research should clarify possible
age- and sex-related differences in susceptibility to EIMD and its consequences. There is
evidence suggesting that the susceptibility to EIMD increases with age (Chen et al. 2014; Deli
et al. 2017). Additionally, women seem to be less susceptible to EIMD than men, and estrogen
has been suggested to play a myoprotective role, although the available evidence does not
universally support this view (Clarkson and Hubal 2002; Enns and Tiidus 2010; Hicks et al.
2016; Hubal et al. 2010; Minahan et al. 2015; Tiidus 2009; Tiidus and Enns 2009; Velders and
Diel 2013). We finally wish to point out that there is a huge body of evidence for
pharmacological and non-pharmacological means of preventing and treating EIMD that
deserve separate reviews and are beyond the scope of our article (Harty et al. 2019; Howatson
and Van Someren 2008; Owens et al. 2019; Peake et al. 2017a, 2017b).

4. Conclusions

Although EIMD has received a lot of attention over the last three decades and some
mechanisms of its etiopathogenesis and consequences have been described, a number of
guestions remain to be answered. For instance, the relative contribution of mechanical and
metabolic stress, as well as the roles played by inflammatory and satellite cells during different
types of contraction remain to be defined. Moreover, the extra- and intracellular signaling
underlying EIMD, as well as the repeated bout effect and hypertrophy warrant further
investigation. Elucidating these aspects shall further our understanding of normal muscle
physiology and help us better understand the pathophysiology of clinically relevant genetic
diseases. Finding new ways to detect and quantify the extent of EIMD noninvasively in the
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clinical setting will conceivably aid in diagnosing, tracking, and classifying different forms of
EIMD. Together with a better understanding of genetic susceptibility to EIMD, this could pave
the way to new and more personalized strategies for performance enhancement, individually
tailored rehabilitation, prevention in chronic diseases, and treatment of muscular dystrophies.
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Figure 1: Proposed crucial molecular mechanisms of exercise-induced muscle damage
etiopathogenesis, symptoms, and the reparation process.

1) Increased tension in eccentric exercise overstretches some of the weakest sarcomeres
beyond their myofilament overlap. Such “popped sarcomeres” are unable to produce active
tension, which results in direct loss of strength. Increasing external tension causes stronger
sarcomeres to pop and gradually overburdens other structures. 2a) First, T-tubule membrane
system disruption occurs. ECC dysfunction contributes to even greater strength loss and SR
membrane damage results in an uncontrolled Ca®* release, which raises passive muscle
tension. 2b) Opening of stretch-activated channels (SAC) and sarcolemma damage lead to
increased [Na*];and [Ca?*];, swelling and drop in pHi. 2c¢) Efflux of intracellular muscle proteins,
which can be used as EIMD markers in plasma (FABP, CK, sTnl, titin, Mb) or in urine (titin
fragments, Mb) (Kanda et al. 2017). 3) Increased [Ca?*]; contributes to cellular injury via
activation of calpain protease (CAL), which cleaves Z-disc associated proteins and activation
of PLA2, which promotes further sarcolemma damage. High [Ca?']i also raises Ca?*
concentration in mitochondria, which promotes ROS production. 4) Muscle breakdown
products such as DAMP and desmin trigger inflammatory response, which causes further
swelling. The first part of inflammation is orchestrated via Th1 cytokines. Neutrophils are first
to invade and are followed by M1 macrophages. The role of both is to clear necrotic debris
through phagocytosis. Cytotoxic enzymes and ROS cause further cellular injury. The latter are
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probably also responsible for decreased GLUT4 translocation to sarcolemma (for more detail,
see figure 2). Substances like BK, PG and 5-HT are exciting and/or sensitizing type Il and IV
nerve afferents producing feeling of soreness.

Gradually, Th2 cytokines start to predominate which causes a shift from pro-inflammatory M1
to pro-regenerative M2 macrophage phenotype population that releases anti-inflammatory
cytokines (e.g. IL-10) and growth factors. 5) The latter activate satellite cells, which serve as
so-called stem cells of skeletal muscle precursor cells. Activated satellite cells migrate to areas
where they differentiate and fuse with existing myofibers or produce new fibers which
increases the transcriptional capacity of muscle. This results in muscle reparation by adding
new sarcomeres in series. Thus, the described mechanism of muscle damage also plays a role
in muscle hypertrophy (Damas et al. 2018; Paulsen et al. 2012).

*) Not shown in the figure above is the damage of the extracellular matrix, which is
mechanically linked to muscle fiber cytoskeleton via membrane-spanning integrin,
dystroglycan, and proteoglycan complexes, and also plays an important role in the
pathogenesis of EIMD (Hyldahl and Hubal 2014).
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Figure 2: Exercise and EIMD effect on GLUT4 channel translocation to sarcolemma.
Moderate exercise promotes, whereas EIMD impedes GLUT4 channel translocation to
sarcolemma and thus glucose entry into a muscle cell. See how proposed mechanisms of
moderate exercise affect both insulin-independent and insulin-dependent GLUT4 channel
translocation. EIMD on the other hand is believed to affect mostly the latter pathway leading
to decreased insulin sensitivity. Interestingly, some molecules such as ROS, RNS and RAC1
appear in both pathways. The exact molecular and clinical effects of those and many other
molecules involved in GLUT4 channel translocation remain to be elucidated.
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Figure 3: Time course of relative changes in indirect EIMD markers (upper panel) and

myeloid cell populations (lower panel) in muscle following EIMD.

For each parameter, zero represents a value before exercise and +100 % are representing
relative maximum changes that were measured in different studies.

Maximal voluntary contraction (MVC) torque represents strength loss. Muscle soreness (SOR)
was evaluated with visual analogue scale. For analysis of creatine kinase (CK) activity, venous
blood samples were collected. Range of motion (ROM) of the elbow joint was assessed with a
goniometer. Measurements of upper arm circumference (UAC) quantitatively represent
swelling. Data for the first 7 days are derived from 2 studies conducted on young men who
performed 30 unaccustomed elbow flexor eccentric actions which resulted in 40 % average
decline in MVC from pre-exercise value of 100 %. Measurements were made before exercise,
immediately after it and then once every 24 hours for 5 or 10 days (Chen and Nosaka 2006;
Damas et al. 2016). To show schematically how the parameters normalize (days 7-21), data
from other comparable studies were used, where unaccustomed elbow flexor eccentric
actions also resulted in a 40-50 % decline in MVC. This value corresponds to the upper limit of
“moderate EIMD” (Foley et al. 1999; Jones et al. 1986; Paulsen et al. 2010). Note that 21 days
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is arbitrarily set as a safe time point by which all the parameters should reach their pre-
exercise values in moderate EIMD (Paulsen et al. 2010). This time duration is shorter and
longer in mild and severe EIMD, respectively and is certainly not the same for all parameters.
Interestingly, it was suggested that UAC could even be negative 2-8 weeks post-exercise
possibly due to a loss of vulnerable fibers (Foley et al. 1999). Finally, time points of maximum
change were shown to be the same regardless of severity of EIMD (Clarkson et al. 1992; Foley
et al. 1999; Lauritzen et al. 2009; Lavender and Nosaka 2008; Warren et al. 1999).

In the lower panel, relative changes in myeloid cell populations in muscle following EIMD are
shown. Approximately after 1-2 days after damaging exercise, polymorphonuclear neutrophils
(PMN) and M1 macrophages are gradually being replaced by M2 macrophages, which
probably serve a crucial role in muscle repair and remodeling (Tidball and Villalta 2010).
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